Bacteriophage 2 particles were rendered osmotically fragile by incubation, spread over hypophase and examined by electron microscopy. When water was used as hypophase, condensed structures were released from the phage heads and treatment of these with cytochrome c or several alternative proteins resulted in the release of free, relaxed DNA. Phage were pretreated with nitrogen mustard, a bifunctional alkylating agent; when the condensed structures from such phage particles were treated with protein, DNA was released in small supercoiled domains. This confirmed a previous finding that bacteriophage DNA has a supercoiled topology and suggests that the winding pattern of DNA in the phage might involve small domains of coiled DNA analogous to nucleosomes. Such a conformation could be consistent with other studies on the arrangement of DNA in phage heads if the domains have parallel axes.
INTRODUCTION
Previous electron microscopic studies on bacteriophages I and Mx416 (a myxococcus phage similar in morphology to 2) revealed that by modifying the methods of Kleinschmidt (1968) such that partially released DNA molecules could be visualized, the DNA could be observed in a variety of configurations including supercoiled domains (VirrankoskiCastrodeza & Parish, 1980) . Among evidence that the supercoiling derived from the topology of the DNA in the head itself, we described the effects of nitrogen mustard, CI(CH2)2NMe(CH2)2C1, a bifunctional alkylating agent. Phage pretreated with nitrogen mustard released supercoiled DNA under conditions of spreading in which control phage released non-supercoiled DNA. We also demonstrated a difference in sensitivity to inactivation by nitrogen mustard between intact phage and transfecting 2 DNA. From this we concluded that the nature of the chemical reaction in the two cases was different and that the reactions between nitrogen mustard and the DNA in the phage head were different from the interstrand cross-linking of the Watson-Crick double helix of chemically purified DNA.
Our earlier electron microscopic studies were limited by the fact that a surfactant material (sebum) was required to effect partial release of the DNA from the phage head. We have therefore developed an alternative procedure which reproducibly releases, the entire phage chromosome in a condensed state presumptively related topologically to' the DNA in the intact head. This paper describes the technique and the effect of chemical manipulations on the structure with a view to interpreting the winding pattern and establishing the nature of supercoiled domains.
METHODS
Phage propagation, purification and assay. Phage 2 cls~TS~m7 (referred to simply as 2)was propagated by heat induction of a lysogen; the phage were released from harvested ceils with 0022-1317/82/0000-4601 $02.00 © 1982 SGM CHC13 (Goldberg & Howe, 1969) and assayed by using a suppressing strain, Escherichia coli Ymel, as an indicator. Phage 2 was purified by methods described for myxococcus phages by Rodrigues et al. (1980) . Myxococcus phage Mx416 was propagated and purified as described by Rodrigues et al. (1980) using Myxococcus xanthus HP908 as host.
Chemicals and general electron microscopic techniques. General methods for electron microscopy, chemicals and methods for treatment with nitrogen mustard were according to . Proteins were obtained from Sigma (London). Concentrations of nitrogen mustard refer to the hydrogen chloride salt, CI(CHz)2NH+Me(C H2)2C1 C1-.
Examination of phage following incubation and spreading. Phage stock in 0.1 M-CH3CO2NH 4 was diluted to 10 ~° p.f.u./ml in the same solution to provide a working suspension. In the case of nitrogen mustard treatment, this dilution was into water. Trial electron microscopic examinations were performed and the dilution of the phage was adjusted if necessary. The phage suspension was incubated at temperatures between 20 °C and 60 °C for different times in different experiments to effect conditions under which the phage remained viable but became osmotically fragile (see Results). A small platinum wire loop was dipped into the phage suspension and subsequently touched on the surface of the hypophase. The hypophase consisted of double-distilled water or one of several solutions (see Results) contained in a plastic Petri dish. The surface of the hypophase had previously been duzted with tale. After touching the surface with the loop containing the phage sample, spreading occurred evenly to leave a talc-free area. A carbon-coated parlodion grid, held horizontally, was lightly touched on the spread area. For certain experiments (see Results) the grid was pretreated with a protein solution for a few seconds and blotted dry before being used to pick up the spread sample. The grids were stained with uranyl acetate either with or without ethanol. With ethanol, the grid, with a drop of sample present on it, was immersed sequentially in 90% (v/v) aqueous ethanol for a few seconds, freshly prepared 50 mM-uranyl acetate in 90% (v/v) ethanol for 30 s and 90% (v/v) aqueous ethanol for a few seconds (Davis et al., 1971) . For staining without ethanol, a drop of 2% (w/v) uranyl acetate in water was added to a drop of sample on the grid. After 30 to 60 s, the grid was dried by blotting the edge with a piece of filter paper. In both cases, the grids were air-dried and rotary-shadowed with platinum.
Labelling of DNA and protein and fractionation of DNA. E. coli M65 (2+), maintained as colonies on glucose-salts minimal agar, was transferred to liquid culture in 3.97-mM-tris, 40-mM-MOPS, 17.1 mM-NaCI, 9.5 mM-NH4CI, 1..32 mM-K2HPO 4, 28.5 mM-KOH, 10 /~M-K2SO 4, 0.26 mM-MgCI2, 0.4/tM-FeC12, 0.4% (w/v) glucose, 1% (w/v)'cas a.a.-S', 5 x 10-4% thiamine hydrochloride. The pH was adjusted, if necessary, to pH 7.4 by addition of glacial CH3CO3H or 2 M-KOH. 'Cas a.a.-S' is a synthetic mixture of amino acids in the same molar ratio as the amino acid composition of casein with the omission of the sulphur-containing amino acids. An overnight culture (shake flask, 30 °C) was diluted 100-fold into 600 ml of the same medium and grown with forced aeration until A63 o reached 0.1 to 0.2. The temperature of the culture was rapidly raised to 42 °C and aerated at this temperature for 20 min. The temperature was reduced to 38 °C; 1 h later [35S]sulphate (carrier-free; 0.5 mCi) and thymidine (50 Ci/mmol; 0.2 mCi) were added. After a further 2 h, cells were harvested and lysed and phage were purified and dialysed against 10 mM-tris-HCl, 1 mM-EDTA pH 7.4 at 4 °C. Certain preparations were treated with nitrogen mustard. The phage were extracted repeatedly with redistilled phenol liquefied by equilibration with tris-EDTA buffer at room temperature. The aqueous phase was recovered by centrifugation and repeatedly re-extracted with liquefied phenol until no further removal of protein (as judged by turbidity in the phenol layer and the formation of an insoluble interface) was evident. The aqueous solution (of DNA) was repeatedly extracted with ether. A stream On: Wed, 02 Jan 2019 07:18:06
Condensed DNA from phage heads 183 of N 2 was bubbled through the solution until the smell of ether had gone. The DNA solution was dialysed against 10 mM-potassium phosphate buffer pH 7. The DNA concentration was measured from the A260 and the solution was treated with EcoRI restriction endonuclease (Boehringer, Mannheim) according to the manufacturers' recommendations. The extent of digestion was checked by agarose gel electrophoresis of a digest of DNA from phage not treated with nitrogen mustard. CsC1 was added to a specific gravity of 1.65; the solution was layered over a 0.2 ml cushion of fluorochemical FC 43 (Beckman) and was centrifuged for 48 h at 27000 rev/min and 15 °C in a Beckman SW50.1 rotor. Fractions (0.2 ml) were collected by pumping from the bottom of the gradient. The specific gravity of every third fraction was determined by using a calibrated refractometer. Radioactivity was measured by liquid scintillation counting using a Triton-toluene scintillant and counts were corrected for channel overlap.
RESULTS

Conditions for rendering phage osmotically fragile
Phage 2 suspensions were incubated in 0.1 M-CH3COzNH 4, diluted into water and titrated. Incubation at either 50 °C or 60 °C produced a time-dependent sensitivity to dilution into water. This sensitivity was not produced by incubation in broth (Fig. 1) . The sensitivity was enhanced by the use of water as a diluent. For example, incubation in CH3COzNH 4 at 60 °C for 15 min followed by dilution into water reduced the phage titre by about 2.5 log units (Fig.  1) ; the corresponding reduction in titre following dilution into CH3CO2NH 4 was about 1 log unit.
Electron microscopy of structures released from 2 particles
Phage 2 suspensions, rendered osmotically fragile, reproducibly yielded fully released DNA molecules when spread over cytochrome c hypophase (Fig. 2a) . The procedure is technically simpler than that of Kleinschmidt (1968) . Based on approx. 100 observations, spreading on hypophase containing I to 10/lg/ml cytochrome c produced spreads such as that in Fig. 2 (a) . When water was employed as hypophase the phage head contents were released as a condensed structure (Fig. 2 b) . Of approx. 100 particles observed, none released free DNA (as in Fig. 2a) ; about 10% of the phage were microscopically intact and had presumably 'escaped' the osmotic sensitization. These findings suggested that cytochrome c opens up a condensed structure newly released from the phage head or, alternatively, prevents the alcohol-induced formation of an artefactual aggregation of DNA, similar to that described by Eickbush & Moundrianakis (1978) . For this reason we devised a method for staining without alcohol (see Methods), and Fig. 2 (c, d) shows pictures typical of approx. 50 observations. Again, about 10 % of the phage were intact. Although comparison of structures such as that in Fig. 2 (b) with those in Fig. 2 (b, d) suggests that alcohol may further compact the structure to some extent, the condensed structures are not primarily artefacts of the alcohol method.
Release of DNA from condensed structures
Phage spread over water as hypophase, and which therefore produced the condensed structures, were picked on to grids pretreated with cytochrome e solution. The condensed structures partly relaxed and DNA was released ( Fig. 3 ; typical of 20 observations) thus confirming that cytochrome e acts by relaxing the tertiary structures of DNA within the condensed structures. Bovine serum albumin, casein and histones also caused relaxation of condensed structures ( Fig. 4 ; typical of 10 observations with each protein). Hence, we conclude that the linking molecules can be displaced by either basic or acidic proteins. Electrolytes other than protein, for example NaC1 of CH3CO2NH 4 up to a concentration of In (a) the hypophase was 1/zg/ml cytochrome c and in (b) it was water. In both, the grids were fixed and stained by the alcohol method. In (c) and (d) the hypophase was water and the grids were fixed and stained without alcohol. All bar markers represent 0.5 gm.
0.1 M, did not release D N A from condensed structures. The number o f observations precluded this, occurring at a frequency o f m o r e than 1 to 5%. Pronase also effected relaxation of the condensed structures, as in Fig. 4 ; however, the concentration required (4 /~g/ml) was sufficiently high that the relaxation might be due to the non-specific effect found with other proteins and not necessarily to proteolysis. Fig. 3 . Phage ~., pretreated as in Fig. 2 (c, d) , spread over water and picked on to a grid pretreated with cytochrome c. Bar marker represents 0.5 gm. 
Topology of the condensed structures
The 2 DNA molecule is topologically supercoiled in the phage head and pretreatment of the phage particles with nitrogen mustard retains the supercoiling under conditions of spreading that otherwise would result in release of totally relaxed DNA (VirrankoskiCastrodeza & Parish, 1980) . Phage were treated with 10 mM-nitrogen mustard for up to 1 h at 20 °C and spread over either water or protein solution (Fig. 5) . Preincubation with nitrogen mustard (50 mM in water) rendered the phage osmotically fragile in the absence of CH3CO2NH 4 ( Fig. 5a ; typical of 20 observations). Protein solution released the DNA from the condensed structure in small helical domains (Fig. 5 b, c) . Twenty-five molecules, all supercoiled, were observed. The figures are typical of 18 of these in which the supercoiled regions were sufficiently spread out to measure the density of supercoiling (Table 1) . These supercoils were not seen in phage incubated with nitrogen mustard in the presence of CH3CO2NH 4 (10 observations) since presumably the acetate ion is such a good nucleophile that the reaction between the mustard and DNA is much diminished. Prolonged incubation with nitrogen mustard (2 h) reduced the size of the domains but had relatively little effect on the density of supercoiling (Table 1 ). The findings described here are not unique to phage 2; similar results were obtained with phage Mx416.
Topological constraint
As the 2 chromosome is linear, supercoiling must involve rotational constraints imposed by 'linkers' of some kind. The linkers are most likely to be molecules such as bi-or multi-dentate species that interact with different parts of the DNA molecule to prevent unwinding of the supercoils. Two likely possibilities are the amino groups of spermidine (a substance known to be required for phage assembly; Hohn, 1979) and basic amino acid residues in proteins.
In order to test the possibility that spermidine maintains the topology, phage were dialysed with frequent changes of buffer against 10 ~ M-potassium phosphate buffer containing (i) 10 -3 ~-spermidine, (ii) 10 3 M-MgSO4 and (iii) no addition. From a total of 25 observations no differences were obtained in spreading over water; pictures such as Fig. 2(c, d) were obtained and we are therefore unable to invoke a role for any exchangeable spermidine in the maintenance of these structures. We were also unable to detect any differences with phage dialysed against buffer containing higher concentrations of MgSO 4 (to 10 -2 M).
In contrast to these negative findings, we have positive evidence that suggests the linking molecules might be protein. Clearly, it is not possible to remove integral head proteins. However, a corollary of our argument is that nitrogen mustard might maintain the supercoiled topology by covalently cross-linking DNA to the linkers. DNA isolated from phage pretreated with the mustard should have covalently bound protein and consequently be of lower density. DNA isolated from phage treated with the concentrations of nitrogen mustard employed for the electron microscopic studies was found to be extensively fragmented. However, lower concentrations of nitrogen mustard were sufficient to have the predicted effect of lowering the buoyant density. DNA from double-labelled phage was restricted and fractionated by CsCI centrifugation (Fig. 6) . The density of the main DNA peak was shifted from 1.70 to 1.68 g/ml and the lighter peak was associated with bound labelled protein. The heterogeneous ratio of protein radioactivity in this peak suggests an asymmetrical reaction along the length of the chromosome reflected in the different extents of cross-linking of protein molecules to different restriction fragments. The nature of the very dense material at the bottom of the gradients has not been elucidated. It is greatly increased in DNA from phage treated with nitrogen mustard and might include structures in which two separate DNA sequences are covalently bound, via nitrogen mustard cross-links, to the same protein-linking molecule.
DISCUSSION
Cytochrome c is widely used in the electron microscopic examination of DNA to spread the molecules out and facilitate the measurement of their contour lengths (Kleinschmidt, 1968) . From the present studies it appears that, in the case of the visualization of DNA from ruptured bacteriophage particles, the cytochrome c molecules disrupt a condensed structure that is newly released from the phage. One explanation would be that the cytochrome, a basic protein, binds to phosphodiester groups of DNA and thus displaces specific bi-or multi-d~ntate basic molecules that link the DNA to constrain its supercoiled conformation in the phage head. This explanation is not consistent with the ability of casein, an acidic protein, in displacing the linking molecules. Casein might conceivably act by sequestering the putative linking molecules. In the absence of further evidence, it might be suggested that all proteins, including cytochrome c, act in this manner. Furthermore, we have no evidence as to the nature of the linking molecules except that iris most likely a protein.
There are several experimental approaches to an understanding of the topology of phage DNA. Biophysical studies, such as low-angle X-ray scattering, give information about the overall spacing of the DNA over the majority of its length. However, at present these techniques do not permit such high resolution as to allow an interpretation of the convolutions of every part of the sequence, nor do these measurements allow a view of the winding number of the turns in the double helix. However, it is certain that the bulk of the DNA molecule is wound around a common axis or around sets of parallel axes (Earnshaw & Harrison, 1977; Earnshaw & Casjens, 1980; Kosturko et al., 1979) . None of these authors points to the possibility that there might be sets of parallel axes, although we believe this is theoretically consistent with their data. Electron microscopy is useful for visualizing DNA domains within the head. It is subject to the limitation that it is necessary to rupture the head and attempt the rather unsatisfactory procedure of modelling the intact structure from the appearance of the head contents as they are caught in the act of relaxation. Nevertheless, the potential use of electron microscopy for this purpose was established in our earlier paper Condensed DNA from phage heads 
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We have previously pointed out that three structures, 'the clock spring', the supercoil and 'the bed spring' (Fig. 7a to c ; can all be topologically equivalent. Provided that the two ends of the molecule within the domain are constrained in such a way that rotation about the axis of the Watson-Crick double helix is prevented, these structures are of approximately equal stability. In the light of our present data we revise our model for the winding pattern of DNA within the head of the phage 2. We propose that the molecule might be wound into a number of small bed spring domains (Fig.  7 d) . We cannot deduce how these domains are packed within the phage head, except that the axes of the bed springs must be parallel and, from evidence presented in the earlier paper, we believe that the two ends of the molecule must be in proximity to one another in the head. The energy requirements for the assembly of this structure would account for the high ATP demand of the ~ assembly process (Hohn, 1979) .
Partial displacement of the linking molecules would extend the bed spring coiling throughout the molecule without increasing the total number of turns [i.e. a transition form the structure shown in Fig. 7 (d) to that shown in Fig. 7 (e) ]. Total relaxation of the structure by proteins produces the spread molecules (Fig. 2 a and 4) . Nitrogen mustard cross-linking of intact phage fixes protein or polyamine linking molecules, thus maintaining a topological constraint. Hence, superhelical domains are released. In principle it should be possible to calculate the number of turns in the bed springs of Fig. 7 (d) from these data. In practice this can only be estimated because of a systematic error in the method: some depurination and consequent loss of mustard cross-links seems to be unavoidable (Lawley & Brookes, 1963) . The effect of prolonged incubation noted in Table 1 might be due to such depurination. Similarly, the fragmentation of DNA isolated chemically from phage treated with high concentrations of nitrogen mustard is probably due to depurination. Unlike spreading of DNA on electron microscope grids, chemical purification is necessarily time consuming. Another parameter that is difficult to assess is the extent of cross-linking. The problem here is compounded by the complexity of the nitrogen mustard reaction and a lack of understanding of whether DNA-DNA, DNA-protein or (conceivably) DNA-spermidine cross-links are primarily responsible for the findings of Fig. 6 (b, c) and Table 1 . The concentrations of nitrogen mustard employed are vastly in excess of those to inactivate the phage . Provided it is accepted that the extent of cross-linking is considerable, its quantitative extent is not directly related to the conservation of tertiary structure as one cross-link can prevent the unwinding of a single domain. Because of these uncertainties, the measurements of the number of crossovers in Table 1 can give only a minimum number of supercoils (or topologically equivalent turns). There must be at least one such turn every 66 nm (198 base pairs) which gives a minimum number of 235 supercoils for the entire 2 chromosome.
The condensed beaded structure with supercoiled domains suggests a unifying principle that all DNA molecules might adopt similar conformations in vivo. The DNA in a nucleosome is in essentially the same conformation as our tentative interpretations of 'bed springs' in the 2 beaded structure (Laskey & Earnshaw, 1980) . Worcel et al. (1981) have re-evaluated the topology of DNA in chromatin and point to a detailed model of the periodicity of nucleosome spacing in which the individual domains are stacked in a fashion similar to our interpretation of the condensed structures obtained from phage particles.
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